Damage production and amorphization resulting from the interaction of medium-energy (from 40 to 480 keV) noble-gas ions (from He to Kr) with potassium tantalate (KTaO 3 ) are determined using ion channeling measurements. A disorder accumulation model has been fit to the maximum damage concentration versus ion fluence to extract the cross sections for direct-impact and defectstimulated amorphization, and the results indicate that defect-stimulated amorphization is the dominant mechanism. These cross sections exhibit a strong dependence on the calculated cross sections for displacing lattice atoms, indicating a dominant contribution of nuclear interactions to the defect production and amorphization processes under the irradiation conditions used in this study. These experimental findings, along with the model fits, suggest that the difference in recoil spectra between He and the other heavier ions may be the main driving force for the decreased damage efficiency observed for He ions, which results in a reduced rate of damage accumulation.
Introduction
Potassium tantalate (KTaO 3 ) is a major contender in the emerging field of functional oxide electronics due to its unique physical and electronic properties [1, 2] . The results from several experimental studies suggest that ion beam modification is an effective tool for tuning the near-surface electronic [3, 4] or optical [5] properties of KTaO 3 . For example, it has been shown that metallic conductivity can be induced in KTaO 3 by Ar irradiation [4] , which creates oxygen vacancies that are accompanied by an excess of electrons. In addition, He implantation has been successfully applied in the formation of optical waveguides in KTaO 3 by generating a buried layer of lowered refractive index [5] . On the other hand, material performance can be strongly affected by irradiation defects that are inherently connected with the ion implantation process. It is known that in KTaO 3 , as well as other perovskite-structure oxides, the photorefractive behavior, as well as the luminescence, electro-optic, and transport properties, strongly depends on the type and concentration of defects resulting from doping [6] [7] [8] or irradiation processes [3, 4] . Thus, understanding and predicting irradiation damage accumulation in KTaO 3 are considered to be a major fundamental issue for a broad range of applications.
Previous studies have investigated ion mass and temperature dependence of amorphization in several ABO 3 oxides (i.e., CaTiO 3 , SrTiO 3 , BaTiO 3 , LiNbO 3 , KNbO 3 , LiTaO 3 , and KTaO 3 ), using low-energy ion irradiation (\ 1 MeV ions) and in situ transmission electron microscopy (TEM) observations during ion irradiation [9, 10] . These studies reported that the critical temperature for amorphization, T c (i.e., the temperature above which amorphization could not be induced), generally increases with increasing mass of the A-or B-site cations. In addition, a decrease in T c with decreasing incident ion mass has been observed in KTaO 3 [10] . These studies have determined the dose necessary to induce amorphization but have not quantified the damage evolution with dose. Thus, knowledge of damage evolution with dose, which is necessary to distinguish the mechanisms that are controlling the amorphization of KTaO 3 , needs to be determined by additional studies.
Despite the growing interest in KTaO 3 , information on ion-induced damage accumulation is relatively scarce, and most experiments have concentrated on determining either the critical amorphization dose or the critical temperature [9, 10] , both of which require relatively high ion fluences where the collision cascades of individual ions overlap [11] . In contrast to high fluence irradiation studies, much less attention has been devoted to lower fluence irradiation studies that could provide information about the nature and amount of damage produced by single ions. This is very important because it can be used to understand and model the accumulation of irradiation damage. To address this long-standing question, irradiationinduced damage production and amorphization in KTaO 3 are investigated for different ion species at room temperature. The disorder created on the Ta sublattice of the crystals under ion irradiation is determined using in situ Rutherford backscattering spectrometry in channeling conditions (RBS/C). A suitable disorder accumulation model is applied over a wide range of ion fluences to determine the cross sections associated with different damage processes in the model and thus identify the dominant mechanisms involved in irradiation-induced amorphization of KTaO 3 .
Experimental methodology
The samples used in this study are \100[-oriented KTaO 3 epi-polished single crystals, synthesized by MTI Corp (http://www.mtixtl.com/). In order to investigate the influence of ion mass on damage accumulation, the crystals were irradiated at room temperature using 40 keV He ? , 130 keV Ne ? , 250 keV Ar ? , and 480 keV Kr ? ions. All irradiations have been performed in a random direction (by tilting the crystals at an angle of 7°relatively to the surface normal), to minimize channeling effects. The selected ions (mass and energy) have comparable ion ranges, leading to comparable damage layer thicknesses. Depending on ion species, the ion fluence ranged from 0.01 to 160 ions nm -2 (for details see Table 1 ). The ion flux during irradiation was kept low (about 2. 
where N displ * is the SRIM-predicted number of atomic displacements per unit length (per ion) at the damage peak for each ion, N is the atomic density of KTaO 3 (78.80 atoms/nm 3 ), and U is the ion fluence (ions/ nm 2 ). The value of N displ * is the sum of the predicted concentrations of K, Ta, and O vacancies and replacement collisions, which have been calculated for each ion type using SRIM full-cascade simulations [12] under the assumptions of a sample density of 7.015 g/cm 3 and threshold displacement energies of 25 eV for all elements [9, 10] . Using the SRIM results for the number of displacements produced per implanted ion and unit depth (N displ * ) at the damage peak, the displacement cross section, r SRIM , was determined by the relationship: r SRIM = N displ * /N, where N is the atomic density of KTaO 3 . Additionally, the nuclear energy loss (S n ), electronic energy loss (S e ), and ratio of S e to S n were calculated for each ion species used in this study (see Table 1 ).
After ion irradiations, in situ RBS/C analyses were performed at the irradiation temperature (300 K) using 1.4 MeV He ? ions and a backscattering angle of 170°. In order to investigate quantitatively the evolution of the disorder resulting from the ion irradiation, the RBS/C spectra were further analyzed using an iterative procedure [13] to determine the depth profiles of the relative disorder due to irradiationinduced randomly displaced atoms. The iterative procedure enables the extraction of disorder profiles by normalizing the channeling spectra to the random level and subtracting the dechanneling fraction of the analyzing beam. The disorder levels have values between 0 (pristine state) and 1 (amorphous state).
Experimental results
The high-channel part of ion channeling spectra (i.e., the Ta sublattice) recorded for KTaO 3 single crystals irradiated at various fluences with 40 keV He (Fig. 1a) or 480 keV Kr (Fig. 1b) ions (respectively, the lightest and heaviest noble-gas ions used in the study) is shown in Fig. 1 , together with the random and channeling spectra from a pristine crystal. The ion channeling spectrum recorded for the pristine crystal exhibits a narrow surface peak and a very low value of the axial minimum yield (v min * 0.01 below the Ta surface peak), which attests to the high quality of single crystals used in this study. Irradiations with either He or Kr ions lead to the emergence of damage peaks in the ion channeling spectra, whose shapes (i.e., the amplitude and width) are fingerprints of the atomic disorder profile created in the crystal. It is worth noting that both the amplitude and width of the peaks increase with increasing ion fluence, and that the fluence needed for the aligned spectrum to reach the random value for the Ta sublattice is about three orders of magnitude higher for He ions (160 ions nm -2 ) than for Kr ones (0.8 ions nm -2 ). Reaching the random level indicates a complete lack of channeling, which is usually taken as an indication for loss of crystallinity or full amorphization. The broad plateau in the channeling spectrum suggests that the corresponding region is amorphous, which is in good agreement with previous in situ TEM observations on KTaO 3 irradiated at room temperature with either 280 keV Ne ? or 800 keV Kr ? [9, 10] . The damage depth distributions (i.e., relative disorder vs. depth), extracted from an analysis of the RBS/C spectra shown in Fig. 1a , b, are plotted in Fig. 2a, d , respectively, together with those for Ne ( Fig. 2b) and Ar ( Fig. 2c ) ion irradiations. The SRIMpredicted dose profiles for each ion species at the maximum ion fluence are also included in Fig. 2 for comparison. As shown in Fig. 2 , independent of ion mass, the damage is created at a depth close to the SRIM-predicted displacement profile, and it grows symmetrically over the irradiated layer with increasing ion fluence until an amorphous state (relative disorder level of 1.0) is achieved. Note, however, that the value of ion fluence at which complete amorphization is observed has a very strong dependence on the ion mass (* 0.8 ions nm -2 for Kr, * 2.0 ions nm -2 for Ar, * 4.5 ions nm -2 for Ne, and * 160 ions nm -2 for He). As discussed below, the difference in amorphization fluence may result from the concomitant decrease in displacement density (decrease in r SRIM ) along the ion trajectories and increase in the ratio of electronic to nuclear energy loss S e /S n with decreasing ions mass, both of which could directly influence the amorphization kinetics.
Discussion
Modeling of damage accumulation/ determination of damage cross sections Figure 3 summarizes the damage concentration, n da max , at a fixed depth interval about the maximum damage, as a function of ion fluence (N I ) for each ion species used in this study. The data are the mean values over a depth interval of ± 17.5 nm around the damage peak (see Fig. 2 ). Regardless of the ion species used in this study, the damage accumulation exhibits sigmoidal behavior with the transition toward full amorphization (n da max = 1).
At low damage fractions (n da max below about 0.08, see If one assumes that the cause of this damage is an amorphous seed produced by an individual ion traversing the damage peak, the cross section corresponds to the average area, weighted by the ion path length, of such a seed projected to the surface. Based on the small values for these cross sections, it is assumed that the damage at low ion fluences mainly consists of point defects or very small clusters of point defects. In contrast, a relative disorder of 1.0 is achieved at high ion fluences, which is usually attributed to amorphization. It was shown previously that KTaO 3 can be amorphized by ion irradiation [9, 10] . Because of these arguments, two types of damage are assumed for modeling the sigmoidal behavior of disorder fraction versus ion fluence that is experimentally observed. The two types of damage can be mathematically treated by two differential equations (adopted from those of the Hecking model [14] ):
In Eqs. (2) and (3), n pd and n am are the relative concentrations of point defects (and small point defect ). Random and channeling spectra from a pristine sample are also included. For visual clarity, every three data points are shown.
clusters) and the amorphous fraction, respectively. Thus, the total fraction of displaced atoms (measured by ion channeling technique) is given by n da max = n pd ? n am . As discussed above, only point defects are assumed to form in the pristine material at low fluences [see Eq. (2)]. Point defect formation is controlled by the cross section r pd . Further it is assumed that newly produced point defects can recombine with those existing from previous ion impacts with a cross section r r . With increasing ion fluence (N I ), n pd decreases due to amorphization. This is described by the last term of the right side of Eq. (2). In the high fluence regime, amorphization occurs both directly along the ion path with a cross section r am and from stimulated growth of amorphous regions already existing from previous ion impacts, with cross section r sg . The amorphization process is described by Eq. (3), which is equivalent to the direct-impact/defect-stimulated (DI/DS) model [15] used to describe irradiation-induced amorphization in other ceramics (e.g., SrTiO 3 [16] , SiC [17] ). Fits of the model [Eqs. (2) and (3)] to the experimental data are shown in Fig. 3 as solid lines, and the model curve fits are in good agreement with the experimental data. This implies that this model successfully describes damage accumulation in KTaO 3 under the ion irradiation conditions used in this study. The damage cross sections determined from the model fits are summarized in Table 2 . In contrast to the procedure described in Ref. [14] , large cluster formation is not considered in Eq. (2). Neither the shape of the RBS spectra (see Fig. 1 ) nor the fluence dependences in Fig. 3 reveal any indication for the formation of larger defect clusters. One reason could be that cluster formation does not take place due to early contribution of amorphization to damage accumulation. Furthermore, one has to take into account that the formation of extended defect clusters is common for many oxides near the critical temperature for amorphization [15] , an effect that is attributed to a thermally induced defect mobility that enhance defect clustering. Significant defect cluster formation is not expected in the current study, since the critical temperature for amorphization in KTaO 3 ranges from 600 to 900 K [9, 10] , i.e., well above room temperature. The Ne irradiation results in Fig. 3b suggest there may be a small incubation transition at a relatively low disorder level of 0.06 that could be due to defect clustering, but such behavior is not observed for He irradiation, where clustering might be more likely. Further studies will be required to confirm whether clustering is occurring or not.
All the damage cross sections in Table 2 increase with ion mass, consistent with the increase in damage accumulation and amorphization rates (per ion) shown in Fig. 3 . This is not surprising, because increasing the ion mass will increase the displacement density along the ion path (i.e., r SRIM ) and decrease the ratio of electronic to nuclear energy loss, both of which can enhance damage accumulation and amorphization per ion.
Regarding the process of amorphization, it appears that defect-stimulated amorphization is the dominant amorphization mechanism in KTaO 3 under the ion irradiation conditions used in this study. This proposition is supported by parameters in Table 2 that show r sg is always significantly larger relative to r am , which is in good agreement with the finding for other materials (e.g., GaN [18] , SiC [17] , ZnO [19] , Ga 2 O 3 [20] , Sm 2 Ti 2 O 7 [21] , and SrTiO 3 [22] ) and seems to be a general phenomenon during irradiation with medium-energy ions. It should also be mentioned that the absolute values of r am are rather small (see Table 2 ), which suggests that r am represents the probability to form amorphous seeds, rather than the direct formation of amorphous pockets at the damage peak.
In order to evaluate how the displacement density along the ion path influences amorphization, the critical dose for amorphization (D c ) is determined for each ion species based on model fits to the data in Fig. 3 , and the results are shown in Fig. 4 as a function of the displacement cross section r SRIM (see Sect. 2). Note that in the present study, the critical dose for amorphization, as determined by ion channeling, is defined as the model-predicted dose to (2) to the experimental data, and the model parameters are summarized in Table 2 . For better visibility of the data and model fits, both linear (a) and logarithmic ordinate scales (b) are used. achieve a damage concentration of 0.99, due to increased uncertainty in defining the dose for complete amorphization as n da max approaches 1.0. The curve in Fig. 4 is a fit to the data to guide the eye. For the case of r SRIM [ 0.17 dpa nm 2 , the elastic energy transfer to atomic recoils driving the amorphization of KTaO 3 is almost constant and corresponds to about 0.3 dpa. In contrast, for r SRIM \ 0.1 dpa nm 2 , the amorphization dose increases gradually with decreasing r SRIM up to a value of 0.68 dpa for He ions. This observation may be related to dilution of the collision cascades with decreasing ion mass, which tends to enhance defect recombination [22] [23] [24] . In the case of He ion irradiation, the recoil energies are much smaller, leading to close pairs, isolated point defects, and no clusters. Most of the close pairs are expected to rapidly recombine, and the probability of isolated point defect recombination increases with increasing fluence. On the other hand, the recoil energies are much higher for heavier ions (e.g., Kr) leading to recoil cascades that have sufficient displacement density to produce point defect clusters or amorphous seeds at very early stages of damage evolution, and these can grow rapidly during ongoing irradiation. As a result, amorphization in Kr-irradiated KTaO 3 occurs at a much lower fluence (and dpa) than for He ion irradiation. This agrees with the finding for other materials (e.g., InP [24] , ZrSiO 4 [25] , and SrTiO 3 [22] ) that have shown that the kinetics of amorphization is qualitatively different for light and heavy ions. Although it is expected that, for the ion irradiation conditions employed in the present study, the energy deposited in the displacement of lattice atoms is mainly responsible for damage formation, the ratio S e /S n , which increases with decreasing ion mass (see Table 1 ), may also play a role, as it may increase the rate of in-cascade annealing relative to damage production [22, 26] . The critical temperature for amorphization (T c ) may also be linked to the increase of D c with decreasing ion mass. In the previous in situ TEM irradiation study of KTaO 3 [10] , T c increased from 640 K for 280 keV Ne ? irradiations (S e /S n = 17.1) to 880 K for 800 keV Kr ? irradiations (S e /S n = 0.8), and above 300 K, D c was much larger for 280 keV Ne ? than for 800 keV Kr
? [10] . This behavior is similar to that observed in previous in situ TEM studies of oxide [10, 27] and carbide [28, 29] ceramics irradiated with different ion species, which have unambiguously established that D c can increase and T c can decrease with an increase in S e /S n that causes ionization-induced damage recovery relative to damage production. Recent results [30] suggest that there may be a threshold in S e for such in-cascade recovery processes, and while S e (* 1.2 keV nm -1 for both Ne and Kr ions) in the previous in situ TEM study [10] may have been sufficient to cause ionization-induced defect recovery during irradiation, the values of S e in the present study (Table 1 ) are believed to be below any threshold for such ionization-induced recovery processes.
To visualize potential chemical and strain effects of the implanted ion species, a comparison of the SRIMpredicted ion concentration in the irradiated layer as a function of the relative disorder created by irradiation (both quantities are taken at the damage peak) is provided in Fig. 5 for three different levels of disorder: 0.11, 0.51, and 0.99. As is evident from the results, the implanted ion concentration corresponding to amorphization increases with decreasing ion mass. It is known that chemistry changes and strain due to the incorporation of foreign ion species in the matrix often decreases the critical dose for amorphization [31] . Clearly, the results in Fig. 4 reveal the opposite trend, and therefore we can conclude that the amorphization process in KTaO 3 , under these conditions, is unaffected by chemistry changes or strain due to the implanted ion species. 
Correlation of damage cross sections with primary energy deposition
As discussed and illustrated in detail elsewhere [11] , the energy deposited in the displacement of lattice atoms is well quantified by the displacement cross section r SRIM (see Sect. 2). Examining the experimental cross sections r pd and r sg , relative to r SRIM , can be used to reveal the efficiency of the defect production and amorphization processes. The ratios r pd /r SRIM and r sg /r SRIM are shown as a function of r SRIM in Fig. 6a, b, respectively. Within the uncertainty, the defect production efficiency for Ne, Ar, and Kr ions, as shown in Fig. 6a , is similar; however, there is a significant decrease in the defect production efficiency for He ions. Likewise, as shown in Fig. 6b , the efficiency for defect-stimulated amorphization is similar for Ne, Ar, and Kr ions, while the efficiency for defect-stimulated amorphization is substantially reduced for He ions. These results provide an explanation for the significantly higher amorphization dose for He ions shown in Fig. 4 , due to the decreased damage efficiency for He ions. This decreased damage efficiency for He ions is most likely associated with a larger fraction of close-pair defects being produced, which readily recombine at room temperature, leading to lower defect survivability. The results in Fig. 6 also support that damage production is predominantly determined by the energy deposited in displacing lattice atoms (i.e., r SRIM ), and S e does not significantly affect damage production. While the results in Fig. 6 do not provide an explanation for the slightly higher amorphization dose for Ne ions, compared to Ar and Kr, in Fig. 4 , this increase in amorphization dose may be associated with the relatively small value of r am for Ne ions.
Summary
Single crystals of KTaO 3 have been irradiated at room temperature with inert noble gases (He, Ne, Ar, and Kr) to study the influence of ion mass on damage production and amorphization. A disorder Figure 5 The SRIM-predicted ion concentration in the irradiated layer as a function of the relative disorder created by irradiation (both quantities are taken at the damage peak) for three different disorder levels: 0.11, 0.51, and 0.99. The solid lines are linear fits to the experimental data. Figure 6 Ratio of cross section r pd for point defect formation to SRIM damage cross section r SRIM (a) and ratio of r sg for defectstimulated amorphization to SRIM damage cross section r SRIM (b) versus the SRIM damage cross section r SRIM for displaced atoms in KTaO 3 irradiated with different ions at room temperature. accumulation model has been applied to fit the maximum relative damage concentration versus ion fluence to extract the cross sections for direct-impact and defect-stimulated amorphization. Regardless of the ion species used in this study, the cross section for stimulated growth (r sg ) is always larger than that of direct-impact amorphization (r a ). This implies that defect-stimulated amorphization is the dominant amorphization mechanism. While the efficiency per ion for defect production and defect-stimulated amorphization are similar for Ne, Ar, and Kr ions, there is a significant decrease in damage efficiency for He ions, which results in a substantial increase in the amorphization dose for He ions at room temperature. This reduction in damage efficiency for He ions is believed to be due to a larger fraction of close-pair defect production, which readily recombines at room temperature.
